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In this study the Leidenfrost temperature during spray cooling of very hot substrates is experi-
mentally measured. The spray parameters, i.e. the drop diameters and velocities and the mass flux,
are very accurately measured. Astonishingly, the measured Leidenfrost temperature is independent
of any of the spray impact parameters, but is determined exclusively by the materials of the liquid
and the substrate.
The mechanism of film boiling is explained by the formation of a fast propagating vaporizing
front, when the inertial forces in the associated liquid flow are comparable with the viscous stresses.
This leads to a theoretical prediction for the Leidenfrost temperature which agrees well with the
experimental data.
Introduction Spray impact onto very hot substrates is
associated with spray cooling, spray lubrication or spray
impingement on cylinder walls of internal combustion en-
gines. For example, sprays are used for cooling of hot
forging tools [1], cooling of high power electronics [2] or
for quenching of hot milled steel. The current state of the
art regarding heat transfer during spray cooling is well
summarized in a number of recent comprehensive review
articles [3–7].
Various thermodynamic and hydrodynamic regimes
have been identified during contact of liquid with a hot
substrate, including conduction, nucleate boiling, transi-
tion boiling, thermal atomization and film boiling. The
physics of the transition from the nucleate boiling regime
to the film boiling regime at the Leidenfrost point is not
yet completely known in that the Leidenfrost temper-
ature cannot be reliably predicted. Several theoretical
models have been developed based on the hydrodynamic
stability analysis of the vapor/liquid interface [8–10] or
thermocapillary stability [11]. Some authors assume that
the Leidenfrost temperature is determined by the foam
limit [12, 13], which is the maximum temperature to
which a liquid can be superheated, or by the limiting
minimum vapor thickness [14] when it becomes compa-
rable with the surface roughness. However, the influence
of the surface roughness is not yet clearly delineated and
requires further investigations.
Numerous studies deal with the Leidenfrost point dur-
ing single drop impact [15–18], showing a difference be-
tween the static Leidenfrost temperature TLs of a sessile
drop and the dynamic Leidenfrost temperature TLd of an
impacting drop. In these studies the dynamic Leiden-
frost temperature is often identified as the lower bound
for dry rebound of the drop [19].
There is an ongoing discussion about the effect of the
impact parameters on the Leidenfrost point [20]. In many
studies the Weber number We = ρfDU
2/σ is considered
an important parameter [21, 22], where D, U , ρf and σ
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FIG. 1. Sketch of the experimental setup.
are the mean drop diameter, mean drop velocity, density
and surface tension. However, recently it was experi-
mentally demonstrated that the Weber number is not a
relevant influencing number for the thermodynamic phe-
nomena associated with boiling [23].
The Leidenfrost point during spray impact is usually
defined as the temperature at which the heat flux reaches
a minimum. This definition has been recently confirmed
by high-speed video observations [24].
Several studies on spray impact onto a hot substrate
[25–29] indicate an increase of the Leidenfrost tempera-
ture for higher mass flux m˙. In dimensionless form the
effect of the mass flux is often described as a dimension-
less spray Weber number WeS = m˙
2D/ρfσ [30, 31]. The
correlations presently available for predicting the Leiden-
frost point in a spray are completely empirical. The spray
Weber number WeS [31], the average drop velocity [32–
34] or mass flux [27] are among the influencing parame-
ters in these correlations.
In the present study the Leidenfrost point is ex-
perimentally determined using accurately characterized
sprays whose impact parameters are varied over wide
ranges. A theory for predicting the Leidenfrost point is
then introduced, yielding excellent agreement with mea-
surements
Experimental method and measurement results The
experimental setup, as shown in Fig. 1, consists of a
heated target, a spraying system, a high-speed visual ob-
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2FIG. 2. Exemplary results for the evolution of the heat flux
q˙ and surface temperature Ti as a function of time t for spray
cooling with distilled water. Leidenfrost temperature TL, heat
flux at the Leidenfrost point q˙L and instant of the Leidenfrost
point tL (both indicated by dashes lines) are chosen where the
heat flux reaches its minimum q˙L. Inserts show liquid patterns
on the surface shortly above and below the Leidenfrost point.
A liquid patch on the surface is outlined in red.
servation system and spray characterization system. The
temperature distribution in the target, heated using car-
tridge heaters, is measured by a set of the thermocouples
placed in two rows at different depths from the surface.
These temperatures are used for computation of the lo-
cal heat flux and instantaneous surface temperature by
solution of the inverse heat conduction problem [35].
To determine the effect of the wall thermal properties
on the Leidenfrost point two targets of different mate-
rials, stainless steel and nickel, have been used for the
experiments.
The mean drop diameters and velocities of the sprays
generated by the atomizers were measured using a phase
Doppler instrument. For measurements of the local mass
flux density a custom built patternator was used. The
properties of the target material and more detailed de-
scription of the experimental systems can be found in the
supplementary material [36].
Typical results of the measurements of the heat flux
q˙(t) and the wall interface temperature Ti(t) as functions
of time t are shown in Fig. 2 for a stainless steel target,
initially heated uniformly up to Tw ≈ 450 ◦C. At some
instant, t = 0, the heating is switched off and the spray
is simultaneously switched on. The example results in
this figure are taken from one particular position on the
target.
Due to the continuous cooling, the surface temperature
Ti(t) decreases monotonically with time. The minimum
FIG. 3. Leidenfrost temperature TL as a function of the mass
flux m˙.
of the heat flux curve q˙(t) determines the Leidenfrost
point (qL, TL and tL) and the maximum corresponds to
the critical heat flux.
The inserts in Fig. 2 compare the flow patterns on the
surface just below and above the Leidenfrost point. At
temperatures higher than the Leidenfrost temperature
(the left image), there are no remaining wet patches after
drop impact and their rebound. At wall temperatures
slightly below (the right image), first very small patches
of liquid remain on the surface following drop impact.
Evaporation of these patches leads to the rapid increase
of heat flux at t > tL during the short transitional boiling
regime, until the critical heat flux is reached.
Effect of spray parameters on the Leidenfrost temper-
ature The difficulties in analysis of spray impact and
spray cooling phenomena are caused by the fact that it
is not easy to vary spray parameters - mass flux, average
drop diameter and magnitude of the drop velocity - in-
dependently. On the other hand, the effect of the mass
flux can only be significant if the probability of multiple
drop interactions at the surface is high. The measure of
this probability is related to the relative wetted area λ
of the wall surface for each drop impact. For high We-
ber numbers this parameter can be expressed in the form
λ ∼ q˙We0.96/ρfU in the film boiling regime [37]. In many
practical cases and in all of the present experiments the
value of the relative wetted area λ is much smaller than
unity. The spray can therefore be considered simply as
the superposition of single drop impacts. This conclusion
is supported by the heat flux measurements in the film
boiling regime [24].
The dependence of the Leidenfrost temperature on the
mass flux of the impinging spray is shown in Fig. 3 for
stainless steel and nickel targets. As expected, there is
no clear correlation between the Leidenfrost temperature
and the mass flux of the impinging spray for both mate-
rials.
The data for stainless steel is shown only for the mass
fluxes q˙ < 7 kg/m2s. For higher mass fluxes the heat
flux is rather high and the evolution of the interface tem-
3FIG. 4. Dependence of the Leidenfrost temperature TL on
a) mean drop diameter D10, b) mean drop velocity U , c)
Weber number We = ρfD10U
2/σ and d) spray Weber number
WeS = m˙
2D10/ρfσ.
perature is extremely fast. Under these conditions the
duration of the film boiling regime is comparable to the
rise time of the thermocouples. Therefore, only data be-
low this limit are shown in Fig. 3 for which the interface
temperature can be accurately resolved and thus the Lei-
denfrost temperature can be correctly determined.
While no influence of the mass flux can be recognized,
the effect of the target material on the Leidenfrost tem-
perature is apparent and significant.
It is interesting to examine how other mean or inte-
gral spray parameters influence the value of the Leiden-
frost temperature. In Fig. 4 the dependence of TL on the
mean drop diameter D10, mean drop velocity U , the We-
ber numbers We and on the spray Weber number WeS
are shown for sprays cooling stainless steel and nickel
targets. No correlation between TL and any of the con-
sidered spray parameters can be identified. This is a
rather surprising result which can significantly simplify
modeling of transient cooling of hot surfaces.
The central question is What happens at the Leiden-
frost point? This question is first pursued by examining
possible mechanisms for stabilizing the vapor-liquid in-
terface occurring in the film boiling condition. One mech-
anism is the enhancement of vaporization in the thinner
regions of the vapor layer due to the higher heat flux
there, as shown schematically in Fig. 5a. Such a mech-
anism counteracts the Rayleigh-Taylor instability. Thus,
the transition to the nucleate boiling regime is not pos-
sible, since the heat flux, and thus the evaporation rate,
become infinite as soon as the vapor layer thickness goes
to zero.
Another potential reason for instability of the film boil-
ing regime could be the homogeneous nucleation which
is initiated in the liquid at a certain temperature [38],
as illustrated in Fig. 5b. This assumption has been used
FIG. 5. Possible mechanisms of film boiling: (a) stabilization
of a liquid-vapor interface by the vapor generation and (b)
homogeneous nucleation at a certain temperature. A single
bubble (c) can also expand along the substrate due to strong
vaporization at the contact line (d).
in models for the Leidenfrost temperature [13, 39, 40],
in particular, for the explanation of the dependence of
its value on the thermal effusivity of the target material.
The estimated homogeneous nucleation temperature is
Tt = 306
◦ C, computed from the data for the Leidenfrost
temperature [40]. Another estimation [38] for the homo-
geneous nucleation temperature is Tt = 202
◦ C. However
this assumption contradicts the observations of nucleate
boiling on substrates with very high thermal effusivity,
where the Leidenfrost point approaches the saturation
temperature. The measured Leidenfrost temperature for
water drops on copper targets is 124◦ C for a sessile drop
or 134◦ C for impacting drops in a spray, which are both
lower than the limit for superheat for distilled water.
Moreover, neither of these hypotheses can explain the
observed significant influence of nano-structures, surface
morphology or wettability of the substrate on the Lei-
denfrost temperature [41–45].
Consider however the first stage of heat transfer, just
after the contact of the liquid with the solid substrate. In
the nucleate boiling regime the contact is followed by the
emergence of numerous bubbles on the solid substrate as
a result of heterogeneous nucleation. The heat transfer
can be described by the heat conduction in two expanding
thermal boundary layers in the liquid and the substrate
respectively. The thickness of the thermal boundary layer
is h ∼ √αt where α is the thermal diffusivity of the cor-
responding material, liquid or solid. This phenomenon is
depicted schematically in Fig. 5c.
The typical heat flux at the solid-liquid interface in the
nucleate boiling regime is determined by the thickness
of the boundary layer in the solid substrate and by the
fact that the temperature of the vapor bubble interface
is close to the saturation temperature Tsat
q˙ ∼ ew(Tw0 − Tsat)√
t
, (1)
4where Tw0 is the initial substrate temperature prior to
contact with the liquid and ew is the thermal effusivity
of the wall material. Expression (1) has been recently
validated by comparison with the experimental data for
single drops [46] and sprays [24].
At some elevated wall temperature, characterized by
intensive heating, vaporization fronts appear instead of
local bubbles and expand along the substrate with a cer-
tain velocity. For a high enough velocity the front leads to
the formation of a thin near-wall vapor layer (as shown in
the sketch in Fig. 5d). The propagation velocity of the
vaporization front, depending on the heating rate and
liquid properties, can be constant [47–50] or can grow
exponentially [51] in time.
We can roughly estimate the characteristic velocity
Uvap ∼ q˙/ρfL of the vaporization front using (1)
Uvap ∼ ew(Tw0 − Tsat)
ρfL
√
t
, (2)
where L is the latent heat of evaporation and ρf is the
density of the liquid. A similar approach has been suc-
cessfully used to predict the velocities of secondary drops
in the thermal atomization regime [23, 52].
The only available characteristic thickness in the liq-
uid region associated with the vaporization front is the
thickness of the thermal boundary layer in the fluid
hvap ∼
√
αft. Therefore, the Weber and the capillary
numbers based on the typical vaporization front velocity
(2) are singular at t → 0 which means the influence of
the surface tension on the formation of the vaporization
front is initially negligibly small. The Reynolds number
Revap = ρfhvapUvap/µf , in contrast, is finite
Revap =
ewα
1/2
f (Tw0 − Tsat)
µfL
. (3)
The viscous stresses therefore play an important role dur-
ing the entire process of the vaporization front formation.
The characteristic superheat ∆T ∗ at which the inertia
and viscous terms are comparable can be determined as-
suming Revap = 1 in (3)
∆T ∗ =
µfL
ewα
1/2
f
(4)
In Fig. 6 the experimental data for TL − Tsat of sessile
drops of different liquids on various substrates is shown as
a function of ∆T ∗. The liquid properties for calculation
of ∆T ∗ are taken at the saturation temperature. It seems
that for a wide range of targets the value of TL−Tsat can
be predicted rather well as TL − Tsat = ∆T ∗. For wall
material with the smallest thermal effusivity the values
for the Leidenfrost temperature deviate significantly from
the predictions. In both cases, for water and for ethanol,
the measured wall temperatures are above the critical
temperature. In this case additional physics has to be
accounted for.
FIG. 6. Substrate superheat at the Leidenfrost point, TL −
Tsat, as a function of ∆T
∗ for sessile drops. The data for
different liquids, from this study and from [19, 40, 53–55], are
listed in the Supplementary Material [36].
The corresponding data for spray impact or high We-
ber number drop impact are shown in Fig. 7. The su-
perheat associated with the Leidenfrost temperature also
follows a linear dependence on ∆T ∗. The best fit of the
data is TL − Tsat = 1.51∆T ∗. The Leidenfrost tempera-
ture in the impacting drops increases, since the thickness
of the thermal boundary in the liquid [61] and the prop-
agation of the vaporization front are influenced by the
flow in the spreading drop.
The fact that the value of TL−Tsat is comparable with
∆T ∗ for a range of different liquids and substrates can
indicate that the initiation of the film boiling can indeed
be explained by the propagation of the vaporization front
along the substrate, assuming that the wall temperature
does not exceed the critical value for the studied liquid.
Note that propagation of the vaporization front is also
influenced by the conditions at the moving contact line.
This explains the sensitivity of the Leidenfrost temper-
FIG. 7. Mean substrate superheat at the Leidenfrost point
TL−Tsat as a function of ∆T ∗ for spray cooling. The data for
distilled water from this study and from [18, 26, 30, 40, 56–60]
are listed in the Supplementary Material [36].
5ature to the substrate micro- and nano-morphology and
wettability, identified in the existing literature.
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7Supplemental Material: Leidenfrost temperature in sprays
I. DETAILS ON THE EXPERIMENTAL METHOD
The experimental setup, as shown in Fig. 1, consists of a heated target, a spraying system, a high-speed visual
observation system and a spray characterization system.
The target (100 mm diameter, 53.2 mm height) is equipped with 15 thermocouples (type K, 0.5 mm shield diameter,
open measurement tip) and heated from the bottom by cartridge heaters. The thermocouples are placed in two rows
(12 elements 0.5 mm and 2 elements 20 mm below the surface). Two targets of different materials have been used for
the experiments to determine the effect of the wall thermal properties on the Leidenfrost point. One target is made
from stainless steel (1.4841) and the other from nickel (2.4068). In both cases the surface exposed to spray impact is
mirror polished.
Various kinds of sprays were produced by conventional atomizers, which were accurately characterized using a phase
Doppler system and a custom built patternator, as schematically shown in Fig. 8 right. The main spray properties
(mean diameter, mean velocity and mass flux) were determined for a wide range of the operation conditions of the
atomizer. The phase Doppler measurements were performed without the target, but at positions corresponding to
specific locations immediately above the target; hence the spray parameters were local values.
A high speed camera equipped with a long distance microscope allows observation of the hydrodynamic phenomena
at the target surface during spray impact.
The local heat flux and instantaneous surface temperature are derived from the measured temperature data using
the computational solution of the inverse heat conduction problem [35].
II. THE SUBSTRATE MATERIALS AND THEIR THERMAL PROPERTIES
For data taken from the literature, the substrate materials and their thermal properties, type of experiment and
the resulting Leidenfrost temperature are summarized in Table I. The thermal properties of the designated substrate
materials are taken from general literature and handbooks. Since these properties are temperature dependent, they
have been calculated at the corresponding Leidenfrost temperature. In all cited studies the surface is polished. The
liquid is water at ambient temperature. Since the spray or drop impact occurs at the surface, the thermal properties
of the plating material is used in the case of a plated substrate, [30, 58–60]. Data from [40] were measured for different
Weber numbers: those with a large We were treated as spray data, whereas those with a small We is treated as sessile
drops.
FIG. 8. Sketch of the experimental setup used of the spray characterization.
8TABLE I. Overview the thermal properties of the materials and the value of the Leidenfrost temperature.
Study Type of
experiment
Fluid Substrate material ew
(Ws1/2/m2K)
TL (
◦C)
This study Spray Water Stainless steel 1.4841 8.8501× 103 342
This study Spray Water Nickel Alloy 201 1.7892× 104 286
[26] Spray Water Stainless steel 1.4301 9.0193× 103 371
[56] Spray Water Nickel 1.8569× 104 321
[57] Spray Water Copper 3.6476× 104 134
[58] Spray Water Copper with chrome plating 1.7831× 104 222
[59] Spray Water Copper with chrome plating 1.7831× 104 253
[30] Spray Water Copper with chrome plating 1.7831× 104 266
[60] Drop chain Water Copper with gold plating 2.7701× 104 225
[18] Drop Water Silicon wafer 9.7544× 103 480
[40] Drop Water FeCrAl 6.5664× 103 445
[40] Drop Water Sintered SiC 1.5733× 104 350
[40] Drop Water Zr-4 5.1511× 103 531
This study Sessile drop Water Copper 3.6476× 104 124
[53] Sessile drop Water Pyrex 2.1030× 103 700
[53] Sessile drop Water Brass 1.9804× 104 233
[53] Sessile drop Water Gold 2.8174× 104 184
[53] Sessile drop Water Aluminium 2.0594× 104 210
[19] Sessile drop Water Aluminium 2.0594× 104 175
[54] Sessile drop Water Monel 9.5390× 103 316
[19] Sessile drop Water Silver 3.2925× 104 157
[19] Sessile drop Water Graphite 1.1690× 104 310
[55] Sessile drop Water Gold 2.8174× 104 170
[40] Sessile drop Water FeCrAl 6.5664× 103 379
[40] Sessile drop Water Sintered SiC 1.5733× 104 310
[40] Sessile drop Water Zr-4 5.1511× 103 415
[53] Sessile drop Ethanol Pyrex 2.1030× 103 360
[53] Sessile drop Ethanol Aluminium 2.0594× 104 155
[53] Sessile drop Ethanol Stainless steel 9.0193× 103 190
[19] Sessile drop Acetone Aluminium 2.0594× 104 134
[19] Sessile drop Benzene Aluminium 2.0594× 104 175
[19] Sessile drop FC-72 Aluminium 2.0594× 104 90
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